Imidazolinonies (IMIs) are a group of herbicides inhibiting acetolactate synthase (ALS) activity. They control the growth of many broadleaved weeds and annual grass species. Herbicide resistance against imidazolinonies has been transferred in some crop species, for example in Brassica napus. IMI-resistant oilseed rape cultivars have been developed by a mutation in ALS. They have been on the market for a few years, especially in North America. To determine if imazamox, an imidazolinone herbicide, and IMI-resistant oilseed rape cultivars are suitable for cultivation in Finland, we conducted four herbicide trials in three locations. We found, that imazamox had no negative effect on yield or oil quality characters of IMI-resistant oilseed rape. Some transient chlorosis was observed immediately after the treatment, but it was not apparent after a few days. The effects of imazamox against the most troublesome weeds in oilseed field in Finland, Chenopodium album and Galium spurium, were very good. Imazamox had good or moderate effects on Stellaria media, whereas its effects on Viola arvensis, Lapsana communis and Fallopia convolvulus were insufficient. If the total weed number was high or the emergence of oilseed rape was slow, the application of imazamox increased the yield of oilseed rape compared to untreated control. Our results suggest that imazamox is a good alternative in controlling weeds for Finnish oilseed fields. Therefore, it would be beneficial to transfer the IMI-resistance into Finnish oilseed and turnip rape lines.
Introduction
Since the early 1970s spring turnip rape (Brassica rapa L.) and oilseed rape (Brassica napus L.) have established their important roles among annual field crops in Finland. In addition to the food and non-food use, they can break the one-sided crop cereal rotations; for this reason their value as a preceding crop in the crop rotation is high. In the last two decades the acreage of cultivated turnip and oilseed rape in Finland has been approximately 60,000 hectares (Ministry of Agriculture and Forestry 2003) .
In order to produce good quality oil and meal, the oil milling industry has strict quality parameters for the raw material. One such parameter is a low content of weed seeds (under 3%), given that weed seeds both lower the quality of oil and make the processing difficult. Currently, development of new strategies for weed management in oilseed production is necessary, since one of the widely used predrilling herbicide, trifluraline, is planned to be taken off the market leaving only one alternative herbicide (Ministry of Agriculture and Forestry 2003) . A potential solution for the problem is the incorporation of herbicide resistance into the genome of oilseed varieties Falco 1989, Burnside 1992) .
Herbicide-resistant crops have been developed by conventional plant breeding for resistance to imidazolinones (IMIs), sethoxydin and triazines and through genetic engineering for resistance to bromoxynil, glyphosate, glufosinate, sulfonylureas and 2,4-D (Monaco et al. 2002) . In oilseed rape, the most important forms of herbicide resistance are transgenic approaches, such as glyphosate resistance (Roundup Ready™) and glufosinate resistance (Liberty Link™), and imidazolinone resistance (IMI-resistance). In the latter case, the resistance trait has been introduced by classical breeding methods (Monaco et al. 2002) .
IMI-resistance in oilseed rape was developed by exposing oilseed rape microspores to ethylnitrosourea resulting in mutation of the acetolactate synthase (ALS) (EC 4.1.3.18) gene (Swanson et al. 1989) . The target enzyme for IMI herbicides is ALS or acetohydroxyacid synthase (Shaner et al. 1984 , Stidham 1991 , Vaughn and Duke 1991 , Dekker and Duke 1995 . The enzyme catalyzes the production of the branched chain amino acids: valine, leucine and isoleucine (Umbarger 1978 , Shaner et al. 1984 . The reactions, which ALS catalyzes, are: 1) 2 pyruvate → acetolactate + CO 2 and 2) pyruvate + α-ketobutyrate → acetohydroxybutyrate + CO 2 (Singh et al. 1988) . The biosynthesis of branched chain amino acid occurs in chloroplasts (Monaco et al. 2002) . When valine, leucine and isoleucine production is inhibited by imidazolinones, plant growth decreases and is followed by plant death (Shaner et al. 1984, Dekker and Duke 1995) .
IMI resistant cultivars have been on the market for a few years, especially in North America (Clearfield™ and SMART™). In addition to oilseed rape, IMI-resistant cultivars have been developed in wheat, corn, rice, sugar beet, sunflower, sugarcane and soybean (Lovell et al. 1996 , Monaco et al. 2002 , Poston et al. 2002 .
The imidazolinone herbicides were developed in the 1980s (Los 1987 , Shaner 1991 . Their mechanism of action is similar to sulfonylureas, the very commonly used herbicides in Finland. Both herbicide groups inhibit ALS (Chafleff and Mauvais 1984, Shaner et al. 1984) . Chemically, these herbicides are different (Stidham 1991) . The other ALSinhibitors are triazolopyrimidine sulfonanilides and pyrimidinylthiobenzoates (Tranel and Wright 2002) . In imidazolinones, the chemical group with an imidazolinone ring is bonded to an aromatic ring (Stidham 1991) . There are several subcompounds in this group, such as imazaquin, imazethapyr and imazamox (Monaco et al. 2002) . Due to their efficiency and favourable health and environmental characteristics, such as low mammalian toxicity and low application rates, imidazolinones are a popular group of herbicides (Mazur et al. 1987 , Bernasconi et al. 1995 .
Although imidazolinonies are not yet used in Finland, they should be considered as alternative herbicides for rapeseed. Therefore, their suitability for use in Finland should be tested. Some preliminary trials were made with IMI-resistant Canadian oilseed rape cultivars in 2001 in Tuusula, Finland. Vol. 14 (2005): 377-388. On the basis of these trials, the Canadian cultivars were found to be late maturity types, but they were well suited for testing imidazolinonies on the Finnish weed flora. The objective of this study was to investigate the potential use of IMI-resistant rapeseed cultivars in Finland: the effect of imidazolinone on weeds, the phytotoxicity of imazamox on IMI-resistant Canadian cultivars and the proper application rates of imazamox.
Material and methods

Field experiments
The effect of imazamox on dicotyledon weeds and on oilseed rape tolerance was investigated in field trials (Hack et al. 1992) . The application was made by using tractor-mounted sprayer in Tuusula and hand-held sprayer in Jokioinen and Viikki at 200 l ha -1 .
Field observations
During the growth season observations of growth (emerging and flowering date, plant height, days to end flowering, lodging and days to mature) were made in Exp 1 and 3. The phytotoxicity effect of imazamox on spring oilseed rape was observed visually three times after the treatment. In addition, the effect of the herbicide on dicotyledon weeds was observed visually two times after the treatment. Phytotoxicity assesments were made in all trials and effects on weeds were assessed in Exp 2 and 3.
Weed counting and dry weight measurements
The number of dicotyledon weeds per m 2 was counted and the dry weights determined 34-38 days after the herbicide treatment (DAT). An exception was Exp 1, where the counting of weeds was made 9 DAT. The number of weeds on a total area of 0.5m 2 (2 x 0.25m 2 ) in Exp 1 and 3 and 1.0 m 2 (2 x 0.5m 2 ) in Exp 2 and 4 was determined in each plot.
Yield and chemical analysis
After maturation, yield was combine-harvested. The growing times (time from sowing to harvesting) for Exp 1, 2, 3 and 4 were 113, 112, 114 and 111, respectively. After harvesting, seed yield (kg ha -1 ), seed purity (%) and 1000 seed weight (g) were measured.
Oil-, protein-, chlorophyll-and fatty acidanalyses were carried out from Exp 1 and 3. For chemical analysis, samples were pooled between replicates. The aim of the chemical analysis was to verify that chemical composition remained unchanged. The oil content was measured by NMR (nuclear magnetic resonance spectrometry, Bruker NMS 110 minispec, Germany) and the protein and chlorophyll were measured by NIR (near infrared spectrometry, Perten DA 7000, Sweden). Both
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analyses were made from whole seed samples. The fatty acids were analysed by gas chromatograph (HP 5890, USA). The preparation of fatty acid samples was done according to the protocol of ISO 5509/ISO 5508.
Statistical analyses
The experimental design in all the four field experiments was the randomized complete block design with three or four blocks in which the five treatments (four herbicides and untreated plot) were randomized to plots within each block separately. Variability in the measurements was unequal in the different experiments and therefore each experiment was analysed separately. Statistical analyses of the data were based on the following mixed model:
where Y ij is the response for block i and treatment j; µ is the overall mean; b is the random block effect; T is the fixed effect of treatment; ε is the random error term. The random effects b i and ε ij are assumed to be mutually independent and normally distributed with zero means and variances σ b 2 and σ ε 2 respectively. The models were fitted with use of the residual maximum likelihood (REML) estimation method. The degrees of freedom were computed by a method described by Kenward and Roger (1997) . Analyses were performed by the MIXED procedure of the SAS/STAT software (Littell et al. 1996) . The residual analyses were carried out to check the assumptions of the models. The residuals were checked for normality using a box plot (Tukey 1977) and were also plotted against the fitted values. Comparisons of the treatments were made by two-sided t-type tests. Number and dry weight of the species Chenopodium album, Viola arvensis and Lapsana communis, total number of weeds and seed purity were non-normally distributed. To obtain normality logarithmic transformations were used for the number of C. album, V. arvensis, L. communis and total weeds, as well as for the dry weight of V. arvensis.
Instead, square root transformation was applied for the dry weight of C. album and for the total number of weeds and arcsine transformation for the seed purity. The growth time observations in Exp 1 and 3 were analysed separately by using Agrobase™-program (Mulitze 1991) .
Results
Field observations
Imazamox treatments did not affect oilseed rape flowering time, height, maturation, or late-season lodging (data not shown). The only statistically significant difference was observed in percentage of lodging at the end of flowering in Exp 1. These differencies were not, however, a result of imazamox treatment since there were no correlations between treatments and the rate of lodging. Chlorosis was observed in oilseed rape 1 to 3 DAT, especially in the treatments (30, 40 and 60 g ai ha -1 ) with surfactant (Table 1) . If the first phytotoxicity observation was delayed to 7 DAT (Exp 3), no symptoms were observed.
Visual observations of the effect of imazamox on dicotyledon weeds were observed in Exp 2 and 3 (Table 1 ). All imazamox treatments performed well in Exp 3, whereas the low rate did not appear to be adequate in Exp 2.
Weed counting and dry weight measurements
The decrease in dicotyledon weed number was noteable, when the highest dose of imazamox (60 g ai ha -1 + surfactant) was used in Exp 2 ( Table 2 ). The application of imazamox inhibits the function of acetolactate synthase in plants relatively fast, resulting in rapid growth retardation. Despite of the rapid growth retardation, the appearance of lethal symptoms and mortality in sensitive plants takes place slowly (Dekker and Duke 1995 to this, the weed counting in Exp 1 was made too early, only 9 DAT. The counting of the weed number of three selected weed species showed, that imazamox has a good effect against C. album, but not against V. arvensis or L. communis (Table  2) . Total weed dry weight tended to decrease for all imazamox treatments (Table 3 ). In general, low application rate (30 g ai ha -1 ) can be recommended, if additive surfactant is used.
More detailed analysis on the abundance of different weed species and on the effect of imazamox on weeds was done in Exp 2 and 4. These two experiments differed significantly in weed number; in Exp 2 the total number was high (Table  4) , while numbers were low in Exp 4 (Table 5 ). The most common weed species were C. album (Exp 2) (Table 4) and Lamium purpureum (Exp 4) ( Table 5 ). In both experiments, imazamox was effective against C. album, Stellaria media and with a higher dosage against Galium spurium (Tables 4  and 5 ). Furthermore, the effect of imazamox against Thlapsi arvense was good in Exp 4. Imazamox efficacy was poor for example against L. 
purpureum, L. communis, Fumaria officinalis, Fallopia convolvulus, Erysimum cheiranthoides and Polygonum species. Galeopsis bifida did not suffer
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Yield and chemical analysis
Seed yield (kg ha -1 ) varied significantly between both years and locations and thus each year and location is analyzed, separately. Herbicide treatments resulted in modest differences in yield and seed purity (Table 6 ). Generally, in cases when the herbicide treatment significantly increased yield (Exp 2), an increase in seed purity was also noteable. In Exp 1 the seed yield between treatments did not differ significantly from each other; this was due to the luxuriant vegetation of oilseed rape, so that the weeds could not compete with oilseed rape. In Exp 2 the total number of weeds (Table 2) was high resulting in a marked yield decrease in the control treatment (399 kg ha -1 ) ( Table 6 ). In Exp 2 the best yield result, 1210 kg ha -1 , was achieved when treated with 60 g ai ha -1 imazamox + surfactant. All treatments differed significantly from the untreated control. The seed purity in the untreated control was only 78.9%, wheras it was between 99 and 100% for all imazamox treatments. There was significantly lower weed pressure in Exp 3 (Table 2 ) than in Exp 2 and 4 and thus, no effect on yield was observed except when treated with 40 g ai ha -1 imazamox + surfactant. In Exp 4, where the total number of weeds was approximately four-fold compared to Exp 3, notably higher yield was measured in nearly all herbicide application than in untreated control. 
Vol. 14 (2005): 377-388.
Chemical analysis of oil quality was carried out for Exp 1 and 3. Imazamox had no effect on any of the quality parameters (data not shown). However, due to a lack of replicates in the chemical analyses (pooled samples), no measure of variability was possible and a discussion of possible treatment effect differences is not plausible.
Discussion
In this study, we found that imazamox was suitable for controlling weeds in IMI-resistant oilseed rape in Finland. Phytotoxicity symptoms in Canadian oilseed rape cultivars treated with imazamox were transient. These symptoms mainly consisted of chlorosis a few days after the treatment, especially in the treatments with surfactant. None of the imazamox treatments consistently reduced oilseed rape yields. Harker et al. (2000) have also indicated that imazethapyr/imazamox treatment did not lead to noteable crop injuries in oilseed rape. Based on the visual observations and crop yield results, it can be concluded, that the herbicide doses used in the trials, did not have a negative effect on the growth of B. napus. The highest dose with a surfactant gave the best result in controlling weeds. Also, the lower doses with a surfactant sufficiently controlled the most sensitive species. Even if the herbicide itself contains a surfactant, the additive improved the effect of imazamox especially in Exp 2 and 4. The Canadian IMI-resistant cultivars were relatively late-maturing and only matured in this study due to higher than normal temperature accumulation at our study site. For example, in Jokioinen in 2002, the effective temperature sum was 1323.7°C at harvesting time, which is 270°C more than the average effective temperature sum. However, in Finland, the yield stability of these late-maturing cultivars may be poor under more normal conditions. Therefore, the IMI-resistance should be transferred to oilseed rape cultivars which are well adapted to conditions in Finland.
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The most difficult weed species in oilseed field in Finland are C. album and G. spurium (Salonen 2002 ) and according to this study, imazamox had a very good effect on them. Harker et al. (2000) have also reported about the good effect of imazamox against these species. The competition of weeds with oilseed rape depends upon the establishment of the crop and on the weather during early spring (Knott 1990) . Cold weather and drought can delay the emergence of oilseeds, while C. album can utilize these growing conditions and compete well with the oilseed rape (Raatikainen et al. 1971 , Weaver et al. 1988 ). The effect of imazamox against S. media was good or moderate, whereas the effect on V. arvensis, L. communis and F. convolvulus was not sufficient. In addition to the broadleaved weed species, imidazolinones control many annual grass species, including Avena fatua (Harker et al. 2000 , Monaco et al. 2002 . In this study only broadleaved weeds were assessed. The Vol. 14 (2005) : 377-388. symptoms of the susceptible weeds were chlorotic and later necrotic growing points, shortened internodes, and pigment changes, such as purpling and reddening (Monaco et al. 2002) . Because imazamox does not kill the weeds immediately (Dekker and Duke 1995) , weed biomass decreases more quickly than weed numbers. After imazamox restricts weed growth, the oilseed rape rapidly preempts light and nutrient resources to successfully compete with the weeds. Until now, the most common herbicide controlling weeds in oilseed fields in Finland has been trifluralin (Ministry of Agriculture and Forestry 2003) , soil-applied herbicide, used pre-emergence to control many annual grass and broadleaved weeds (BCPC 1997) . Using post-emergence herbicides, such as imazamox, gives an opportunity to control weeds only when it is needed and thus avoid the unnecessary use of herbicides (Blackshaw et al. 1994) . 
